INTRODUCTION
============

The physical interaction with surrounding microenvironments and the negotiation of biochemical signaling cascade play a key role in cancer formation and metastasis.[@b1-jcp-21-073] The interaction with the extracellular matrix and intra/extra-vasation requires that cancer cells undergo mechanical deformations in response to the external stress by remodeling their actin cytoskeletons. Over the past decade, mechanical properties of biological cells have been investigated by using several tools such as micropipette aspiration, optical stretchers, magnetic twisting cytometry, and microplate stretcher.[@b2-jcp-21-073] Advantages, such as the adaptability to physiological environments and the ability to measure forces with a pico-newton sensitivity from precisely controlled local domains make atomic force microscopy (AFM) the most widely used tool for characterizing mechanical properties of cells ([Fig. 1](#f1-jcp-21-073){ref-type="fig"}).

Many studies have found that cancer cells are mechanically more compliant ('softer') than normal cells, and thus the enhanced mechanical compliance can serve as a promising marker for cancer diagnosis and metastasis.[@b3-jcp-21-073]--[@b5-jcp-21-073] However, several studies have also shown reverse or non-significant correlations between the mechanical compliance and cancer metastasis.[@b6-jcp-21-073]--[@b8-jcp-21-073] During the metastatic progression, cancer cells encounter various microenvironments where they doom to adjust mechanical properties such as motility, adhesion, and mechanical compliance. Cancer cells' ability to adjust mechanical properties at each step of metastasis plays a major role in cancer metastasis. Recent studies have suggested that the combined mechanical signatures including motility and adhesion can resolve the unequivocal issue raised by the sole use of mechanical compliance in cancer prognosis.[@b7-jcp-21-073],[@b9-jcp-21-073] In regard to this multipronged approach, AFM is a superior tool because it can be used to investigate changes in morphology and the mechanical compliance of cancer cells caused by the drug treatment ([Fig. 1A](#f1-jcp-21-073){ref-type="fig"}),[@b10-jcp-21-073],[@b11-jcp-21-073] single-molecule interactions ([Fig. 1B](#f1-jcp-21-073){ref-type="fig"}),[@b12-jcp-21-073],[@b13-jcp-21-073] cell-cell interactions ([Fig. 1C](#f1-jcp-21-073){ref-type="fig"}),[@b14-jcp-21-073] and cell-matrix interactions ([Fig. 1D](#f1-jcp-21-073){ref-type="fig"}).[@b15-jcp-21-073]

Much of a challenge is imposed by the clinical aspect of cancer diagnosis. Although in vitro biomechanical assays have shown that cancer cells were more compliant than normal cells, clinicians typically diagnosed a tumor by sensing an increase in tissue rigidity by palpation, which originates from the matrix-hardening. As a translational research to evaluate the possibility of the biomechanical assays in clinical cancer diagnostics and prognostics, circulating tumor cells (CTCs) harvested from patients' pleural fluids and primary cells derived from cancer patients' biopsy samples have been investigated.[@b16-jcp-21-073],[@b17-jcp-21-073] In addition, nano-mechanical measurements have been performed for tissues obtained from human and animal model biopsies.[@b18-jcp-21-073] The obtained biomechanical profiles of tissue samples broaden our understanding of clinical aspects of cancer in the tissue integrity.[@b19-jcp-21-073]

In this review, we discuss some of recent advances in bio-mechanical assays in cancer research. We include the studies about in vitro and ex vivo single-cell experiments and in vivo tissue measurements. A possible use of mechanical properties as a measure of anti-cancer drug efficacy tests is also discussed. These nano-mechanical insights will advance our understanding of cancer progression and provide a tool in diagnosing cancer and screening an effective anti-cancer drug with the help of biochemical signatures.

BIOMECHANICS OF CANCER CELLS
============================

From the material stand point, cells behave like an elastic material. The cellular mechanical compliance, i.e., elastic modulus, defines the ability of cells to deform their shapes and to sustain physiologically relevant stresses. Micropipette aspiration technique is one of the first experiments to characterize mechanical properties of single cells in suspension.[@b20-jcp-21-073] Since the study using micropipette aspiration has reported an increase in deformability of the oncogene-transformed fibroblasts,[@b21-jcp-21-073] various in vitro single cell experimental techniques such as optical tweezers,[@b22-jcp-21-073] optical stretchers,[@b23-jcp-21-073] microplate manipulation,[@b24-jcp-21-073] and magnetic twisting cytometry[@b25-jcp-21-073] have been developed to study mechanical deformability of biological cells. Among these, the AFM-based nano-indentation method is the most widely used technique in determining the mechanical compliance of various cancer cells.[@b26-jcp-21-073]

AFM has advantages, such as adaptability to the liquid environment, the ability to measure forces precisely in a localized region, and repeatability. A simple indentation over a localized region of a single cell by an AFM probe yields a force-distance curve with a pico-newton-force and a nano-meter lateral resolution ([Fig. 1A](#f1-jcp-21-073){ref-type="fig"}). The mathematical models such as the Hertz model have been adapted to calculate the Young's moduli from the obtained force-distance curves. Lower Young's moduli, i.e., elastic moduli, represent higher mechanical deformability of a cell.[@b27-jcp-21-073] With the recent technological advances, force-distance curves can be obtained in two-dimensional arrays so that a local map of mechanical compliances could be delineated over localized cellular regions.[@b7-jcp-21-073] We showed the representative maps of topography ([Fig. 2A](#f2-jcp-21-073){ref-type="fig"}) and elastic moduli ([Fig. 2B](#f2-jcp-21-073){ref-type="fig"}) of prostate cancer cells (CL-1), which were reconstructed from the force-distance curves ([Fig. 2C](#f2-jcp-21-073){ref-type="fig"}) obtained from each pixel of images in two-dimensional array. The nano-indentation technique has been also extended to rheological measurements, which allow us to obtain not only the elastic but also the viscous moduli of cells.[@b28-jcp-21-073] The force-distance curves obtained by the AFM nano-indentation provide quantitative information about the binding events of ligand-receptor interactions in a living cell as well ([Fig. 1B](#f1-jcp-21-073){ref-type="fig"}).[@b12-jcp-21-073] Further advance in single-cell force spectroscopy utilizing a single-cell attached probe enables quantitative measurements of cell-cell ([Fig. 1C](#f1-jcp-21-073){ref-type="fig"}) and cell-substrate ([Fig. 1D](#f1-jcp-21-073){ref-type="fig"}) adhesions under physiological conditions.[@b15-jcp-21-073] The experimental details and previous results using these techniques are beyond the scope of this review.

Although the epigenetic and biochemical signatures of cancer cells largely depend on the origin of cancer, in vitro AFM studies have characterized enhanced mechanical compliances as common phenotypic features for cell lines derived from various cancers including bladder, prostate, ovarian, kidney, and breast cancer ([Table 1](#t1-jcp-21-073){ref-type="table"}).[@b8-jcp-21-073],[@b29-jcp-21-073]--[@b34-jcp-21-073] In order to eliminate the discrepancy originating from the methodological difference in measuring the elastic moduli, we summarize the results obtained only from the AFM nano-indentation. Culture conditions, AFM experimental details such as loading rates and stress regimes, and the analysis details affect the measured values of elastic moduli even from the same cell lines. Thus, it is hard to compare the elastic moduli measured from different study groups. Nevertheless, the data summarized in [Table 1](#t1-jcp-21-073){ref-type="table"} consistently show that the cancerous cells are mechanically more compliant than their normal counterparts in vitro. This suggests that the AFM-based nano-indentation assay can serve as a promising tool to diagnose cancer with no need for specific molecular markers.

ROLE OF CYTOSKELETAL COMPONENTS IN MECHANICAL DEFORMABILITY
===========================================================

The mechanical compliance of cells is largely governed by the cytoskeleton, three-dimensional network composed of filamentous polymers--actin filaments, microtubules, and intermediate filaments--and associated proteins. The actin filaments were found to be a major contributor for altered mechanical responses from cancer cells.[@b2-jcp-21-073] Although the specific genetic and molecular signatures of cancer vary by the cancer types, alterations in the actin reorganization are commonly observed in all types of cancer. During the cancer formation, actin filaments are reorganized from long and well-organized structures to short and less nucleated or cross-linked structures. Consequently, altered actin organization should result in the enhanced mechanical compliance of cancer cells. In concert with cellular signaling pathways, actin filaments also play an important role in various cellular functions such as mechano-transduction, mitosis, migration, proliferation, adhesion, invasion, and apoptosis. The treatment of cells with actin-disrupting agents such as latraculin A, cytochalasin B, and cytochalain D can induce a remarkable depolymerization of actin filaments and consequently a decrease in the elastic moduli.[@b35-jcp-21-073] The contribution of microtubules to the cellular mechanical stability was also confirmed by treating cells with the tubulin-stabilizing agents such as colcemide and noco-dazole, which resulted in a significant increase in mechanical stiffness.[@b36-jcp-21-073]

While the roles of actin filaments and microtubules have been well-known, the functions of the intermediate filaments are still under intense investigations. Interestingly, the down-regulation of keratins, intermediate filaments abundant in epithelial cells, during the epithelial-mesenchymal transition is found to be highly correlated with the enhanced migratory and invasive behaviors of tumor cells.[@b37-jcp-21-073] The keratin-free mouse keratinocytes have shown 60% higher cell deformability and invasiveness. In addition, others have reported that sphingosylphosphorylcholine induces a perinuclear reorganization of keratins and thus a decrease in elastic moduli in pancreatic cancer cells.[@b38-jcp-21-073] On the contrary, vimentins, major intermediate filaments found in mesenchymal cells, play a role in conferring upon cells mechanical compliance and thus invasiveness.[@b39-jcp-21-073] The rheological assay using in vitro filament samples revealed that inter-filament networks composed of both vimentins and actin filaments better contribute to the overall mechanical integrity of cells than the networks containing only actin filaments or only vimentin filaments.[@b40-jcp-21-073] AFM experiments combining confocal fluorescent microscopy and/or a cytoskeleton-affecting agents have been highly utilized to reveal the role of cytoskeletal components in cellular mechanical deformability.[@b41-jcp-21-073] However, the detailed mechanism has yet to be elucidated for better understanding of how each cytoskeletal component interacts with each other and orchestrates cellular signaling pathways affecting cell migration, invasiveness, and proliferation.

ROLE OF MECHANICAL DEFORMABILITY IN METASTASIS
==============================================

Cancer cells undergo a substantial mechanical deformation during the intra/extra-vasations and tissue invasions. Highly metastatic cancer cells are expected to display enhanced mechanical deformability. Several studies have shown that mechanical deformability is proportionally enhanced as the metastatic potential of cancer cells increases and suggested this enhanced level of deformability as a prognostic as well as a diagnostic marker for cancer.[@b4-jcp-21-073],[@b5-jcp-21-073] As shown in [Table 1](#t1-jcp-21-073){ref-type="table"}, AFM indentation experiments showed a decrease in Young's moduli of highly metastatic ovarian and oral cancer cells. The alteration of the actin organization is reported to be exacerbated with an increase in the metastatic potential and responsible for enhanced mechanical deformability.

However, the reverse or ambiguous correlations between the mechanical compliance and the metastatic potential have been reported from the studies on prostate cancer cells, hepatocellular carcinoma cells, and human chondrosarcoma cell.[@b6-jcp-21-073],[@b8-jcp-21-073],[@b30-jcp-21-073] These results alert a caution against the simple application of the mechanical study to the cancer prognosis. The metastatic cascade begins with a detachment of cancer cells from the epithelium. The subsequent invasion, intra/extra-vasation, and the formation of a secondary tumor involve a dynamic modulation of cell-cell and cell-substrate adhesions as well as a significant level of mechanical deformation. An increasing number of evidence also suggests that the altered mechanical compliance of cancer cells may be caused by a mechano-reciprocal interaction with the microenvironments mediated by the dynamic reorganization of the Focal Adhesions (FAs).[@b42-jcp-21-073] In addition, the intra-cellular calcium dynamics is recognized as an important messenger connecting the long-range coupling between the changes in FAs and mechanical deformability.[@b43-jcp-21-073] Highly metastatic prostate cancer cells show poor mechanical deformability.[@b7-jcp-21-073] This observation requires a more sophisticated explanation because it seems to be contrary to the general prediction about the correlation between mechanical compliance and metastatic potential. AFM force spectroscopic studies combined with fluorescence microscopy have revealed that highly metastatic prostate cancer cells show a significant increase in the calcium dynamics, motility, and cell-substrate adhesions.[@b7-jcp-21-073] It is postulated that despite the disadvantage in the tissue invasion due to poor mechanical deformability, above mentioned mechanical signatures can play more important roles in other steps of prostate cancer metastasis. Prostate cancers preferentially metastasize to bones.[@b44-jcp-21-073] It is recognized that tumor cell interactions with the bone microenvironment initiate a vicious cycle that will subsequently lead to a selective growth for the cancer cells and the establishment of osteoclastic or osteoblastic incurable lesions. Enhanced cell-substrate adhesion and calcium dynamics may be favorable for this process. Although the molecular mechanisms underlying tumor-bone interaction have to be identified in detail, multiple mechanical signatures can provide crucial information regarding which steps of metastasis need to be disrupted in order to prevent further metastatic progression.

TRANSLATIONAL APPROACH FOR BIOMECHANICS
=======================================

From the results of in vitro biomechanical assays as summarized in [Table 1](#t1-jcp-21-073){ref-type="table"}, it is widely accepted that cancerous cells are more compliant than normal counterparts. It is expected that biomechanical assays can advance the current cancer diagnosis which relies on biological descriptions obtained from morphological observations. Translational approaches have been performed to evaluate the possibility of the clinical use of the biomechanical assays for cancer diagnosis. Recently, ex vivo mechanical analyses using AFM attempted to study mechanical properties of CTCs taken from the pleural fluids of patients with suspected lung, breast, and pancreatic cancer.[@b16-jcp-21-073] From this study, CTCs derived from patients have shown to be more mechanically compliant than benign cells. This behavior suggests that metastasis may be promoted by the mechanical compliance of CTCs. In addition to the AFM experiments, studies using an optical stretcher consistently have shown a soft mechanical signature from oral squamous carcinoma cells derived from oral cancer patients.[@b45-jcp-21-073] Studies using a magnetic tweezer have also reported a power-law correlation between the mechanical compliance with migratory and invasive potential in epithelial ovarian cancer cells isolated from the ascites of patients.[@b17-jcp-21-073] Thus far, ex vivo as well as in vitro studies have provided strong evidence for the enhanced mechanical compliance in cancer cells.

Nevertheless, the clinical application of biomechanical assays as a cancer diagnostic tool is considered to be still primitive because of long-standing ambiguities attributed from the mechano-reciprocity between cancer cells and tumor microenvironments. Common clinical wisdom by palpation recognizes a relative stiffening of tumor than the surrounding tissue. This notion seems to be paradoxical to the results obtained from single cell mechanical assays, which revealed the soft mechanical nature of cancer cells compared to the healthy counterparts. According to the mechano-reciprocity, the two-way communication between cancer cells and the extracellular matrix (ECM) stimulates the Rho/ROCK pathway and promotes an increase in the ECM stiffness and cell contractility mediated by focal adhesions, i.e., integrin clusters.[@b46-jcp-21-073] Thus, it is of paramount interest to elucidate the biomechanical heterogeneity of tumor tissues originated from soft cancer cells and stiff ECM. AFM-based nano-indentation experiments on human breast biopsied tissues have revealed that the nano-mechanical compliance of malignant tissues shows a broader distribution resulting from tissue heterogeneity compared to normal and benign tissues.[@b18-jcp-21-073] A prominent low-stiffness peak in the distribution is postulated to represent the soft nature of cancer cells. They have also provided similar findings obtained from MMTV-PyMT transgenic mice and lungs of mice with late-stage tumor. Tian et al.,[@b47-jcp-21-073] also evaluated whether the nano-mechanical profiles could help define the stage of hepatocellular carcinoma progression. They reported a further downward shift of the lowest elasticity peak as the cirrhotic tissues progressed to a malignant state. This enhanced mechanical compliance was considered to be highly correlated with microvascular invasion. Interestingly, a Rho-family effector (mDia1) was noticed as a molecular origin of this mechanical change found in liver tissues. Similar mechanical softening has been also reported from tissue samples obtained from endometrioid carcinoma of the uterine corpus, breast cancer, and vulvar carcinoma.[@b48-jcp-21-073] These results together imply that the nanomechanical profiles of tissue samples obtained from various types of cancer reflect the heterogeneous nature of the mechanical compliance due to the complex composition of tissues and the lowest peak of elasticity may coincide with mechanical properties identified from the in vitro single-cell biomechanical assay.

MECHANICAL ASPECTS OF ANTI-CANCER DRUG RESISTANCE
=================================================

Several causes responsible for anti-cancer drug resistance have been identified. Alterations in apoptotic pathway, induction of drug-detoxifying mechanism, and aberrant regulation of drug transporters that reduces the accumulation of drugs by ejection from the cells have been suggested previously.[@b49-jcp-21-073],[@b50-jcp-21-073] Certain anti-cancer drugs are designed to modulate cell membranes and cytoskeletons in order to induce cytotoxic action.[@b2-jcp-21-073] For example, paclitaxel abnormally reinforces the microtubule organization by inducing polymerization and suppressing depolymerization. Vincristin and vinblastine also modulate the microtubule organization and suppress mitosis. Lam et al.,[@b51-jcp-21-073] also have shown from the AFM experiments that the chemotherapeutic treatment using dexamethasone or daunorubicin induced mechanical stiffening of leukemia cells and caused the vascular complications in acute leukemia. When the actin cytoskeleton is disrupted by cytochalasin D, such mechanical stiffening after the chemotherapeutic treatment is significantly suppressed. However, the significance of mechanical alterations on the acquisition of anti-cancer drug resistance is not corroborated until recently.

Recent AFM experiments performed on ovarian cancer cells have attempted to reveal whether cisplatin resistance correlates with the dynamic reorganization of actin filaments and the nano-mechanical compliance.[@b10-jcp-21-073],[@b52-jcp-21-073] While the cisplatin-sensitive cells show dose-dependent cell stiffening after the cisplatin treatment, cisplatin treatment does not induce a nano-mechanical modulation in resistant cells. In addition, by the stimulated emission depletion microscopy, researchers have found distinct differences in actin structures between the drug-sensitive and resistant cells. While the drug-sensitive cells showed scattered and non-oriented filaments, the drug-resistant cells have highly organized actin filaments. From the experiments using nine different ovarian cancer cell lines, a linear correlation between cisplatin resistance measured by cell viability assay and Young's moduli was confirmed.[@b11-jcp-21-073] The actin-disrupting agents are also used to identify the actin dynamics as a major contributor responsible for such correlation. A well-organized actin cytoskeleton may physically block the anti-cancer drug uptake. However, the molecular mechanism on how cell stiffening accompanied by the strengthened actin organization affects the drug sensitivity has to be better elucidated. Interestingly, people have shown that Rho GTPase directly controls the dynamic reorganization of actin cytoskeletons and cell stiffness and thus affects the cisplatin-sensitivity. The Rho mediated pathway regulates many cellular functions such as cell polarity, gene transcription, and microtubule dynamics. More detailed investigations have yet to be performed to understand the correlation between the anti-cancer drug resistance and cytoskeletal alterations. Nevertheless, nano-mechanical stiffness of cancer cells can provide a useful insight for pre-evaluating the anti-cancer drug efficacy and designing a personalized chemotherapeutic strategy.

CONCLUSION
==========

Since nano-mechanical assay was introduced to cancer biology, the mechanical alteration found in cancer cells in vitro was commonly observed in various cancers. Change in actin cytoskeleton was noticed as a major cause responsible for such mechanical alterations in cancer cells. The role of other filamentous components such as keratin and vimentin and the interconnected functions between actin and other filaments are still under investigations. The translational studies to interrogate the possibility to use the AFM-based indentation experiments in the clinical setting have been tried using the CTCs and human biopsied tissues. Although the mechanical stiffening of extracellular matrix due to the mechano-reciprocal interaction seemed to provide the complications for nano-mechanical profiling of biopsied tissues, it can be concluded that the enhanced softness might be a common feature of cancer cells not only from in vitro but also from in vivo studies. In addition, the nano-mechanical reinforcements observed in cancer cells by the anti-cancer drug treatment should provide quantitative information to determine which chemotherapeutic agents will cure the cancer more efficiently under personalized conditions.
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![Schematic illustrations of the atomic force microscopy-based biomechanical assays. (A) Indentation experiments were used to characterize the compliance of a single cell. (B) Molecular interactions between a functionalized probe and the membrane receptors were investigated. Single-cell force spectroscopy was utilized to quantify (C) cell-cell adhesions and (D) cell-substrate adhesions.](jcp-21-073f1){#f1-jcp-21-073}

![The representative maps of topography and elastic constants determined from force-distance (*f-d*) curves obtained in two-dimensional arrays. Presented (C) *f-d* curves were obtained from the points indicated as *a* (cell edge), *b* (cell center), *c* (glass) in the (A) topographic and (B) elastic maps. The horizontal axis represents the z-sensor (μm) showing the atomic force microscopy (AFM) z-piezo movements while the vertical axis represents the cantilever deflection (nm) of the AFM probe. The 64 × 64 *f-d* curves were obtained from the area of 80 × 80 μm^2^ area.](jcp-21-073f2){#f2-jcp-21-073}

###### 

Elastic moduli obtained by AFM-based nano-indentation assays

  Cancer type       Cell line               Cell type           Elastic moduli (kPa)   Reference No.
  ----------------- ----------------------- ------------------- ---------------------- -------------------
  Bladder cancer    Hu609                   Non-cancerous       9.7 ± 3.6              [@b29-jcp-21-073]
  HCV29             Non-cancerous           7.5 ± 3.6                                  
  Hu456             Cancerous               0.3 ± 0.2                                  
  T24               Cancerous               0.8 ± 0.4                                  
  BC3726            Cancerous               1.0 ± 3.6                                  
  Prostate cancer   BPH                     Non-cancerous       2.8 ± 0.5              [@b30-jcp-21-073]
  LNCaP             Lowly metastatic        0.5 ± 0.1                                  
  PC-3              Highly metastatic       1.4 ± 0.2                                  
  Ovarian cancer    IOSE                    Non-cancerous       2.5 ± 2.0              [@b31-jcp-21-073]
  HEY               Lowly metastatic        0.9 ± 0.5                                  
  HEY48             Highly metastatic       0.5 ± 0.2                                  
  OVCAR-4           Lowly metastatic        1.1 ± 0.9                                  
  OVCAR-3           Highly metastatic       0.6 ± 0.2                                  
  Kidney cancer     RC124                   Non-tumorigenic     9.38                   [@b32-jcp-21-073]
  A498              Carcinoma               7.41                                       
  ACHN              Adenocarcinoma          2.48                                       
  Breast cancer     MCF-10A                 Non-cancerous       1.1 ± 0.5              [@b33-jcp-21-073]
  MCF-7             Cancerous               0.6 ± 0.2                                  
  Oral cancer       UM1                     Highly metastatic   3.7 ± 1.0              [@b34-jcp-21-073]
  UM2               Lowly metastatic        6.2 ± 1.4                                  
  Chondrosarcoma    JJ012                   Highly metastatic   0.34                   [@b8-jcp-21-073]
  FS090             Moderately metastatic   1.27                                       
  105KC             Lowly metastatic        0.79                                       

Values are presented as mean ± SD or mean only. AFM, atomic force microscopy.
